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Objective: Basic calcium phosphate (BCP) particulates are commonly found in cartilage and synovial ﬂuid
of osteoarthritis (OA) joints with the amount of BCP correlating with knee OA severity. How cartilage
mineralization affects joint degeneration has yet to be determined. The objective of this study was to
determine whether BCP in the synovial ﬂuid affects the rat knee joint coefﬁcient of friction (COF).
Methods: The COFs of knees from both hind limbs of four mature male rats were measured post mortem
using a pendulum apparatus with an infrared tracking system. The three conditions evaluated were (1)
the naïve state, (2) after the injection of 100 mL of phosphate buffered saline (PBS) (sham) and (3) after
the injection of 100 mL of a 1 mg/mL BCP suspension. The decrease in the pendulum amplitude (decay)
was ﬁt using two friction models: (1) a one parameter Stanton linear decay model and (2) a two pa-
rameters combination Stanton linear decay and viscous damping exponential decay model.
Results: The COF increased 17.6% after injection of BCP compared to the naïve (P ¼ 0.0012) and 16.0%
compared to the saline injected (P ¼ 0.0018) joints as derived from the one parameter model. The COF
did not differ between naïve and saline injected joints. Results from the two parameters model showed a
similar increase in COF after injection of BCP while the viscous damping was not signiﬁcantly different
between conditions.
Conclusions: The increased joint friction with BCP particulates suggests BCPs may play a role in articular
surface degradation and OA development.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
While the role of cartilage mineralization in the development
and progression of osteoarthritis (OA) remains controversial1,2,
basic calcium phosphate (BCP) particulates have been found in 60%
of the synovial ﬂuid and 100% of the cartilage from OA patients at
the time of knee arthroplasty3. Regions of BCP mineralization form
within the articular cartilage and often extend into the superﬁcial
layer of articular cartilage4,5 with the area of mineralization
correlating with knee OA severity3.
Mineralized regions of articular cartilage analogous to those
found in human joints are common in the joints of mature Spra-
gueeDawley rats providing an animal model to study BCPto: M. L. Roemhildt and
re Musculoskeletal Research
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ternational. Published by Elsevier Ldeposition and its effects in vivo6. These mineralized cysts within
the articular cartilage are composed of aggregated particulates of
BCP compounds, including carbonate-substituted hydroxyapatite,
octocalcium phosphate, and tricalcium phosphates6,7 and alter the
cartilage material properties6 and induce inﬂammation1,5. These
cysts may extend to the articular surface and rupture, releasing
their contents into the synovial ﬂuid. These mineral particulates
may have an abrasive effect on articular surfaces, exacerbating and
accelerating wear and degeneration of articular cartilage.
The frictional properties of articulating joints are generally
measured using pendulum basedmethods8. The pendulummethod
preserves the integrity of the joint capsule and relative orientation
of the bones and articular surfaces. The decrease in the amplitude
of the pendulum oscillations is a measure of joint damping.
The objective of this study was to determine whether the
presence of BCP particulates in the synovial ﬂuid affects the joint
coefﬁcient of friction (COF). In order to assess this aim, BCP par-
ticulates were introduced into the synovial ﬂuid of intact rat knee
joints. The COF of rat knee joints were evaluated in naïve, saline
injected (sham), and BCP injected conditions using a pendulum
apparatus. The study hypotheses were that there would beminimaltd. All rights reserved.




The left and right hind limbs of three mature male Wistar and
one SpragueeDawley rat (age range ¼ 10e11 months and weight
range¼ 6.2e10.1 N (633e1032 g), the age and weight of one similar
Wistar rat was not recorded) were obtained post mortem from
ongoing IACUC approved research within the institution. The limbs
were stored at 20C until preparation for testing. The hind limbs
were disarticulated at the hip and ankle joints, and the soft tissues
were dissected away to expose the knee joint capsule and collateral
ligaments while maintaining the integrity of the joint capsule.
Using small bony depressions near the collateral ligaments
attachment sites, specimens were orientated such that the trans-
epicondylar axis of the specimen was aligned with the axis of
rotation of the pendulum and the long axis of the tibioﬁbular
segment was parallel to the length of the pendulum. The proximal
femur and distal tibia were potted in square (19 mm square for the
femur and 11 mm square for the tibia) brass tubing using poly-
methylmethacrylate (PMMA) (Acraweld, Henry Schein, Melville,
NY USA). The specimens were wrapped in gauze soaked with
physiological phosphate buffered saline (PBS) to maintain hydra-
tion during potting and between testing conditions.
Measurement of friction
A pendulum device based on the method described by Drew-
niak et al.9 was used in this study [Fig. 1(A)]. The tibiofemoral joint
serves as the fulcrum with the tibia tube ﬁtted into the pendulum
arm and the femur tube ﬁxed to a stationary mounting block using
two screws [Fig. 1(B)]. The resting ﬂexion angle of the joint in the
pendulumwas 67 to approximate themean ﬂexion angle of the rat
knee joint during in vivo gait10. The pendulum armwas designed to
have the maximum moment of inertia about the transepicondylar
axis of the knee joint and a 1 Hz (actual 0.94 Hz) frequency similar
to in vivo gait. The weight of the pendulum arm and potted tibia
was 2.86 N which represents approximately half body weight. FourFig. 1. A) Pendulum apparatus for measuring the coefﬁcients of friction of rat knee joints s
reﬂectors and a trigger bar to start the pendulum oscillations. B) Close up view of the rat fretroreﬂective markers were attached to the lower pendulum arm
[Fig. 1(A)] to allow three-dimensional (3-D) tracking of the
pendulum oscillations using three infrared cameras arrayed non-
coplanarly and associated motion tracking software (OptiTrack Flex
13 and Tracking Tools, NaturalPoint, Corvallis, OR USA). Overall
measurement error was <0.1% (<0.25 mm).
The calculation of the COF requires the length of the pendulum
(fromthecenterof rotation to thecenterofmass) and the radius of the
articulation of the rat knee joint8. The bony rat knee joint radius was
measured using sphere ﬁts of high-resolution micro-computed to-
mography (Locus, GE Healthcare, Ontario, Canada) of eight Spraguee
Dawley rat femur condyles from a previous study11. The mean radius
was 2.31 (0.11 SE) mm for the lateral compartment and
2.63 (0.13 SE)mmfor themedial compartment. Adding the cartilage
thicknessesof 306mmfor the lateral compartment and325mmfor the
medial compartment12 and averaging across the two compartments
yields a mean knee joint radius of 2.79 mm. This joint radius was
assumed constant for all the knee joints in this experiment.
Suspensions of the BCP (Ca3(PO4)2, particle size < 45 mm, Sigma
Aldrich, #21218, St. Louis, MO USA) in PBS were prepared at a
concentration of 1 mg/mL. BCP suspensions were vortex mixed
immediately prior to loading of the syringe and immediately
injected into the joint. Injections of 100 mL of the suspensions were
delivered into the knee joint via a 26 gauge needle using a central
anterior approach through the patellar tendon. Delivery was
conﬁrmed by visual observation of joint capsule expansion upon
injection. Following each injection, the joint was equilibrated
10 min before testing.
The friction within each specimen was evaluated in the: (1)
naïve state, (2) after injection of 100 mL of physiological PBS (sham)
and (3) after injection of 100 mL of 1 mg/mL BCP suspension. The
1 mg/mL concentration was chosen to simulate the amount of BCP
particulate released into the joint cavity with the rupture of a
mineralized cyst within articular cartilage and had a demonstrated
effect on the COF based on a preliminary study (Supplemental
Fig. S1). The joint was allowed to equilibrate for at least 10 min
after injections. For each trial, the pendulumwas deﬂected 12 and
released using a trigger bar [Fig. 1(A)]. Pendulum motion was
recorded at 120 Hz until the pendulum came to rest. Six trials were
performed for each condition of each specimen. The total test time
for each specimen was approximately 1 h.howing the rat knee joint in the mounting block, a weighted pendulum with infrared
emur in the mounting block and the tibia ﬁtted to the pendulum.
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used to identify and ﬁt the decrease (decay) in the peak amplitudes
of the angular oscillations of the pendulum in the sagittal plane
[Fig. 2(A) and Supplemental Fig. S2] using two friction models. The
ﬁrst model was the commonly used one parameter Stanton linear
decay model that assumes that all of the damping is due to friction.
The second model was a two parameters combination Stanton
linear decay and viscous damping exponential decay model which
includes both friction and velocity dependent damping9,10. Due to
minor misalignments during potting, there were small medial-
lateral motions in many specimens. To determine the effects of
these motions on the estimated COF, an additional analysis was
performed using the one parameter model with the peak vector
displacements of the pendulum in the axial plane.
Statistical analysis
Repeated measures analysis of variance was used to examine
differences among experimental conditions. The model includedFig. 2. A) Representative data from individual trials illustrating the decrease (decay) in
anterior-posterior (AP) amplitude of the pendulum oscillations in a rat knee joint. The
three test conditions were: (1) naïve (solid light gray line), (2) after injection of 100 mL
of phosphate buffered saline (sham) (dotted medium gray line) and (3) after injection
of 100 mL of 1 mg/mL basic calcium phosphate (BCP) solution (dashed black line). Data
illustrate decreased amplitude and number of oscillations with BCP injection as
compared to naïve and saline conditions (See Supplemental Fig. 2 for this plot in color).
B) Mean coefﬁcients of friction (dimensionless) 95% conﬁdence interval for the one
(C) and two (-) parameter model ﬁts to the pendulum oscillation data showing a
signiﬁcant increase in the friction with the injection of 100 mL of 1 mg/mL basic cal-
cium phosphate (BCP) suspension into the rat knee joint (n ¼ 8). The coefﬁcient of
friction with the BCP injection was signiﬁcantly higher than the naïve joint
(*, P < 0.003) and the sham injection of 100 mL of phosphate buffered saline into the
joint (**, P < 0.012). There was no signiﬁcant difference between the coefﬁcients of
friction for the naïve and saline injected joints.twowithin-animal factors representing condition (naïve, saline and
BCP) and limb (right, left) with animal as a random factor. Pairwise
comparisons were performed using Fisher’s Least Signiﬁcant Dif-
ference (LSD). Statistical analyses were done using SAS Statistical
Software (SAS Institute, Cary, NC) with signiﬁcance based on
a ¼ 0.05.
Results
There were signiﬁcant differences across experimental condi-
tions in the mean COF derived from the one parameter model
(F2,6 ¼ 20.62, P ¼ 0.002). The COF after injection of BCP increased
17.6% compared to the naïve joint (Fisher’s LSD, P ¼ 0.0012) and
increased 16.0% compared to the saline injected joint (Fisher’s LSD,
P ¼ 0.0018, Fig. 2). There was no signiﬁcant difference between the
COF for the naïve and saline injected joints (Fisher’s LSD, P ¼ 0.65).
There were no signiﬁcant differences in the ﬁndings across right
and left limbs.
Similarly, there were signiﬁcant differences across experimental
conditions in the mean COF derived from the combined two pa-
rameters model (F2,6 ¼ 13.25, P ¼ 0.006). The COF after injection of
BCP increased 32.0% compared to the naïve joint (Fisher’s LSD,
P¼ 0.0025) and 21.6% compared to the saline injected joint (Fisher’s
LSD, P ¼ 0.0112). There was no signiﬁcant difference between the
COF for the naïve and saline injected joints (Fisher’s LSD, P ¼ 0.22).
There were no signiﬁcant differences in the viscous damping across
the three experimental conditions (F2,6 ¼ 1.96, P ¼ 0.22) with an
overall mean of 0.290 (0.0295 SE) g m2/s.
The use of the two parameters model slightly improved the ﬁt of
the model to the peak pendulum swing data. The mean root mean
square error (RMSE) was 0.394 for the one parameter model
decreasing to mean RMSE of 0.171 for the two parameters model.
This demonstrates that at least part of the pendulum decay ﬁts the
exponential decay of viscous damping. The use of the two param-
eters model lowered the mean COF by 32.3% due to modeling the
pendulum decay using a combination of friction and viscous
damping.
The mean axial plane angles produced by small medial-lateral
motions of the pendulum during trials varied from 18 to 9
(4.5 overall mean). Interestingly, left legs were more negative
than all the right legs suggesting that the joint axis of rotation
differs slightly from the transepicondylar axis in a leg speciﬁc way.
Incorporating these small medial-lateral motions into the one
parameter model resulted in a mean 3.4% decrease in the estimated
COFs. These small differences from including the medial-lateral
motions did not change the signiﬁcant ﬁndings found using just
the sagittal plane data.
Discussion
This study is the ﬁrst to investigate the effects of BCP particu-
lates on synovial joint tribology. The introduction of 1 mg/mL
concentration BCP particulates into the knee joint synovia signiﬁ-
cantly increased the friction in the knee joint by at least 16.0% in the
one parameter model and 21.6% in the two parameters model,
while the injection of saline did not signiﬁcantly change the knee
joint friction. The COFs observed in this study are slightly larger
than those reported for juvenile Lewis rats13 and BL6 mice9, but
smaller than those reported for Hartley guinea pigs14.
These ﬁndings suggest that if mineralized cysts within the
articular cartilage rupture and release BCP contents into the syno-
vial ﬂuid that these particulates increase friction in the joint. Par-
ticulates may have an abrasive effect on articular surfaces that will
exacerbate and accelerate wear and degeneration of articular
cartilage. Previous research has demonstrated the elicitation of
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been associated with increased inﬂammation and chondrocyte
death15,16. How increased friction resulting from BCP particulates
affects the biological response of the joint and if this contributes to
chondrocyte loss and the development of OA, remains to be
determined.
The sizes and shapes of the BCP particles may affect joint fric-
tion. Due to limited availability of biological BCP particulates, a
commercially prepared calcium phosphate with a particle size
similar to biologically derived BCP particulates was used as a ﬁrst
step in determining the effects of BCPs on joint friction. Knee joints
were frozen and thawed before testing which affects frictional
properties17. The viscoelastic properties of the joint capsule and
ligaments also contribute to the damping of the pendulum decay
and were assumed constant across conditions. Due to the slow
swing of the pendulum, aerodynamic drag was neglected. Akelman
et al.14 found that the frictional properties vary with the mass of the
pendulum. In this study, the mass of the pendulumwas constant at
approximately half body weight. The constant mass pendulum did
not allow varying the pendulum mass with body weight. Minor
malalignment of the transepicondylar axis may have contributed to
the leg speciﬁc out of plane motion observed in this study.
The increased joint friction with BCPs found in this study sug-
gests BCPs may play a role in articular surface degradation and
potentially OA development. The formation of BCP mineralizations
in articular cartilage and their release into the joint ﬂuid may
accelerate cartilage erosion due to both inﬂammation and/or
abrasive wear. Increased understanding of the effects of BCP in the
joint may provide further insight into the variable rates of OA
progression observed clinically.
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